Abstract Alfalfa (Medicago sativa) is a natural host plant for many plant pathogens including fungi, bacteria, nematodes and viruses. Alfalfa latent virus (ALV) is strain of Pea streak virus, a member of the carlavirus group that occurs symptomlessly in alfalfa. The first complete genomic sequence of the ALV that was recently obtained in our laboratory showed that the virus differs substantially from other members of the genus Carlavirus. Here we report generation of infectious RNA transcripts from the constructed full-length viral cDNA clone as a proof that ALV nucleotide sequence is correct and as an initial step toward development of the ALV-based vector for gene silencing and expression of foreign proteins in alfalfa. This is the first report describing the development of a complete cDNA clone of the ALV strain of Pea streak virus and its infectivity in the diagnostic pea (Pisum sativum) and natural alfalfa hosts.
It is an important component of sustainable agricultural systems because of its high yield, value for soil conservation, N 2 fixation, crop rotation and wildlife habitat (Putnam et al. 2001 ). Alfalfa genomics is in the early stages of development primarily due to the complex genetic structure of this autotetraploid. Alfalfa is a natural host plant for many plant pathogens including fungi, bacteria, nematodes and viruses. One of the lowimpact viral pathogens infecting alfalfa is alfalfa latent virus (ALV). ALV was first described as a separate species and a new member of the carlavirus group that occurs symptomlessly in alfalfa (Veerisetty and Brakke 1977) . It was later recognized to be a mild strain of Pea streak mosaic virus, genus Carlavirus, family Betaflexiviridae, due to their serological crossreactivity and particle length (Hampton 1981) . In the United States, the virus is prevalent in Nebraska and Wisconsin (Veerisetty 1979) . The first complete genomic sequence of the ALV strain of pea streak mosaic virus (PeSV) recently determined in our laboratory, showed that the virus differs substantially from other members of the genus Carlavirus (Nemchinov et al. 2015) . Here we report generation of infectious RNA transcripts from the full-length viral cDNA as a proof that ALV nucleotide sequence is accurate and as the first step toward development of the ALV-based vector for gene silencing and expression of foreign proteins in alfalfa. Up to now, virus-induced gene silencing (VIGS), one of the most widely used tools in plant functional genomics, has not been applied toward alfalfa research due to lack of appropriate virus vector. Availability of specific VIGS vector would greatly facilitate studies of the key genes involved in various aspects of alfalfa development and adaptation to the environment.
ALV-infected tissues used in this study were obtained from the ATCC under APHIS permit # P526P-14-00733 (PV-264 isolate from Lancaster County, NE, USA). Total RNA was extracted with the TRIzol protocol (Thermo Fisher Scientific, Inc., Waltham, MA) according to the manufacturer's directions. The full-length ALV cDNA including 5′ and 3′ termini has been prepared as two fragments, KpnI-AgeI and AgeI-NotI, which were then assembled within the pUC57(Kan) plasmid by Medigen, Inc. (Frederick, MD) for a fee. All clones were sequenceverified. The constructs included 30 bp-long polyA tail at the 3′ terminus preceding NotI restriction site.
The full-length ALV cDNA in the pUC57 plasmid (pALV) contains the T7 RNA Polymerase promoter incorporated upstream of the 5′ end of the viral sequence ( Fig. 1 and Supplementary Material Fig. S1 ). Plasmids were linearized with the NotI restriction enzyme and capped transcripts were generated in vitro from cDNA clones using Ambion's T7 mMessage Machine or Megascript T7 Transcription kits as advised by manufacturer (Thermo Fisher Scientific, Inc., Waltham, MA). Transcripts were rub-inoculated onto fully expanded leaves of two-week old Pisum sativum cv. Lincoln seedlings dusted with carborundum powder. Inoculated plants were kept in a containment greenhouse facility of the Molecular Plant Pathology Laboratory under 16-h day-light period.
Within three weeks after inoculation, pea plants developed chlorosis which became obvious one month after inoculation. Chlorotic leaves often had necrotic symptoms along their margins (Fig. 2) . Western blot (WB) assay was performed with symptomatic leaves of P. sativum as described in Nemchinov and Natilla (2007) . Membranes were probed with polyclonal antibodies to PeSV (AC Diagnostics, Inc., Fayetteville, AR). The serological test showed that pea plants are infected with the virus (Fig. 3a) . Plant tissues of P. sativum were also examined by transmission electron microscopy (TEM). For TEM, leaves were homogenized in sterile water following by centrifugation of the extracts in a bench-top Eppendorf centrifuge for three minutes at 16.1 rcf (13.2 krpm). Virus captured on the TEM grids was stained with 1% Phosphotungstate (PTA) solution. The grids were examined in the Hitachi H-7700 Electron Microscope at the Electron and Confocal Microscope Unit, Beltsville Agricultural Research Center. Flexuous virus particles with the modal length characteristic for ALV (636-640 nm) were observed in the extracts from the infected pea plants (as shown in Fig. 3b for the purified preparation) .
Following detection of the pathogen by WB and TEM, the virus was purified from the transcriptinoculated plants of P. sativum in order to obtain contaminant-free virus inoculum suitable for infection of alfalfa, since inoculation of alfalfa with crude extracts was not successful. TEM-verified infected plants of P. sativum cv. Lincoln were removed from soil and stored at −20°C until virus purification. The virus was purified from~85 g of whole pea plants (excluding roots) exactly as described in Veerisetty and Brakke (1978) . Virus concentration estimated from the absorbance at 260 nm using NanoDrop ND 2000 spectrophotometer (Thermo Scientific) was~3.97 mg/ml, assuming that extinction coefficient (E) for 0.1% (mg/ml) solution at 260 nm = 3.0 (Veerisetty and Brakke 1978) . Purified viral preparations examined by TEM contained flexuous filaments without any plant contaminants (Fig. 3b ) and reacted positively with antiserum to PeSV in WB assays (not shown). To further confirm the identity of the virus, an RT-PCR was performed with the purified preparations using the following primers: 5′ CGATTGTGTCTCTGGTCATCTC 3′ (forward primer, position 6400-6421) and 5′ ATAAAGATGGCAGA named simple-direct-tube RT-PCR (SDT-RT-PCR) was carried out essentially as described by Suehiro et al. (2005) . It led to amplification of PCR product of the expected size (684 bp) from all purified viral samples (Supplementary Material Fig. S2 ). Sequencing demonstrated that the amplified DNA segments corresponded to the targeted area of the ALV genome.
Two-week old alfalfa seedlings of Regen SY germplasm (Bingham 1991) , acquired from the collections of National Plant Germplasm System were rubinoculated with purified viral preparations obtained from infected pea plants. Two weeks after inoculation, the virus was detected in non-inoculated upper leaves of alfalfa plants by WB with PeSV antiserum and by TEM (Supplementary Material  Fig. S3 ). STD-RT-PCR performed with leaves collected from inoculated alfalfa plants was positive (not shown).
In conclusion, our results indicate that previously reported (Nemchinov et al. 2015) nucleotide sequence of the ALV was 99.9% correct. Only nine nucleotides in the reported sequence (GeneBank: KP784454) were different from the infectious clone (Supplementary Material Table S1 ). These nucleotides did not match between viral sequences determined by primer walking and Illumina RNA-seq and initial preference was given to the experimental RT-PCR approach (Nemchinov et al. 2015) . RNA transcripts generated from the full-length cDNA clone of the virus were biologically functional and led to symptomatic infection in pea plants P. sativum cv. Lincoln. Virus particles possessing morphological and serological features of ALV were purified from the pea plants and used to successfully infect alfalfa germplasm Regen SY (Bingham 1991) .
To the best of our knowledge, this is the first report describing the development of a complete cDNA clone of the ALV strain of PeSV and its infectivity in the diagnostic (Pisum sativum cv Lincoln) and natural (Medicago sativa) hosts. Generation of an infectious cDNA clone is an integral part of reverse genetic approach for any RNA virus; it is also a necessary tool for research on virus-host interactions and transient heterologous expression. Regarding this study, construction of the infectious ALV cDNA clone represents an initial step towards development of an ALV-based vector for gene silencing and expression of foreign proteins in alfalfa. To date, a breakthrough virus-induced gene silencing (VIGS) technology (Burch-Smith et al. 2004) , available for other plant species has not been implemented in alfalfa research. An overall goal of the work is to introduce VIGS approach for functional genomics studies in alfalfa.
